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POX/SOFC Design Outline

The final report is divided into five sections.

o
Background and Approach
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Executive Summary Project Motivation

Advances in SOFC technology now appear to enable broad small-scale
applications in both stationary and transportation markets.

0 Planar, thin electrolyte, electrode-supported configuration improves
performance significantly

Increases in power density (~500 mW/cm? or greater)

Lower operating temperatures (650-850°C)

Lower cost metallic separator plates

Elimination of very high temperature molten glass seals

Potential for higher stack efficiency

Reduced heat losses from lower operating temperature

O O 0o o o O

0 Potential for economy of scale for manufacturing
0 Geometry lends itself to high volume, low cost manufacturing techniques
0 Broad applicability is consistent with high-volume manufacturing

Effective system design and integration has not yet received sufficient
attention and is critical for the development of competitive products.

71316/12/00



Executive Summary Tasks and Schedule n

The project was organized into five tasks; using two cases of fuel, sulfur-
containing gasoline and sulfur-free Fisher-Tropsch Diesel.

4

Cost

Initial : Final
Kickoff System Iéstlnja_te_ : ST System
Design ensitivity Optimization Design
Analysis
0 Confirm design 0 Thermodynamic 0 Cost BOP 0 Support CMU in 0 Finalize system
specs system model components Multi-Objective designs
O Agree on stack 0 Size components | [0 Estimate system Optimization
parameters O Layout of cost
0 Review initial components 0 Perform
design sensitivity
analyses (cost,
performance)
e ye o e ANEfe

mmm Sulfur fuel case

Kick-Off mmm Sulfur free fuel

case
Initial System Design —_—

Cost Estimate &
Sensitivity Analysis

/ System Optimization |_1_

Final System Design —H_
Meetings * +|> +

71316/12/00 4



Executive Summary Project Objective n

The objective of this project was to develop a conceptual design package
and cost estimate for a planar anode supported SOFC system.

System Performance System Physical System Cost Targets

Characteristics

0 Efficiency greater than 0 Volume goal less than 0 Cost of balance of

35% peak power 50 liter plant goal less than
(DC/LHV) 0 Mass goal less than 50 $400/kW
0 Rating, 5 kW net kg 0 Ultimate goal $400/kW
0 Operating life greater 0 Operating temperature for system
than 5000 hours 800°C
0 Cold (25°C) start-up 0 Surface temperature of
time less than 10 system package less
minutes than 45°C

0 Voltage — 42 VDC

0 No external water
supply needed

The target application for this module is an auxiliary power unit (APU) for
on-road vehicles such as trucks.
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Executive Summary Approach RaPID™ Methodology n

We used our multi-level RaPID™ development methodology to design a
POX/SOFC system for auxiliary power unit (APU) applications.

Fuel Cell Performance & Cost Model

Not in scope of Project |

C;H
3 8%C y '[:f'?!
,CsH, H ‘rg .lli!
o O A Mg

M M ?
Reformer model .

Market Model

; Thermodynamic
Zos [ System Model

B

=

Conceptual Design and
[ G200 Ha =~ NG3000 Ho - NG2000 ref == NG3000 ref | CO nfi g u rati O n

Manufacturing Cost
Fuel Cell Model Model

We used thermodynamic models coupled with detailed manufacturing cost
models to identify the key design and cost drivers for planar technology.
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Executive Summary Critical Issues

Stack thermal management and power density are critical issues impacting

the cost and performance of reformer/planar SOFC systems.

Internal Stack Thermal Management?

Power density / Operating Voltage

Stack Fuel Utilization
Stack Thermal Mass?
Recuperator
Parasitic power
Reformer efficiency

Insulation

How can reformer / planar SOFC systems be applied to truck APUs
and how much will they cost?

System Performance!

Volume & Weight

(DAN BN BEORN AN

[ DAN BN NEONN AN

ORN AN VRROAN AN

O

‘ Critical O Important

O Not Leveraging

Stack thermal management directly impacts recuperator and parasitic

1. System performance refers to e.g. system efficiency, start-up and shut-down time.

2. Stack thermal management refers to the maximum thermal gradients allowable and degree

of internal reforming possible at anode.

3. Critical if provisions must be made to meet tight start-up specifications.

requirements and system volume.
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Executive Summary  System Inventory n

Individual components have been distributed among the major sub-
systems.

Reformer Fuel Cell Recuperators Balance-of-Plant
0 Homogeneous gas 0 Fuel Cell Stack (Unit 0 Anode recuperator 0 Startup power
phase POX reformer?! Cells) 3 0 Tailgas burner? 0 Start-up battery
0 POX air preheater 0 Balance of Stack* 0 Fuel vaporizer 0 Blower for active
0 Air, fuel, recycle 0 Secondary cathode air cooling
mixer preheater 1 Switching regulator
0 Eductor for recharging
0 Primary cathode air 01 Control & electrical
preheater system
0 ZnO sorbent bed 11 System sensors
0 Controls

0 System logic
0 Safety contactor
0 Rotating equipment
0 Air Compressor
0 Fuel Pump
0 System insulation
0 System piping

1. The reformer also incorporates the POX air preheater, primary cathode air preheater, air/fuel/recycle mixer, and eductor integrated inside.

2. The Tailgas burner incorporates the fuel vaporizer, and in case 2 the secondary cathode air preheater integrated inside.

3. The fuel cell stack includes cathode, anode, electrolyte, interconnects, and layer assembly, and stack assembly

4. The balance of stack includes endplates, current collector, electrical insulator, outer wrap, and tie bolts. It is assumed that the stack is internally manifolded.
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Executive Summary Case Description

Five separate cases were modeled to investigate the effects of different
operating conditions and fuel type.

Cathode Air Inlet Temperature
Anode fuel Utilization
Fuel

Power density, W/cm?

NOTES.

Case 1 Case 2 Case 3 Case 4
Basecase [l TN stack e ez
Design Operation Density
650°C 500°C 700°C 650°C 650°C
90% 90% 70% 90% 90%
30 ppm S gasoline | 30 ppm S gasoline | 30 ppm S gasoline | 30 ppm S gasoline | 0 ppm S Diesel
0.3 0.6 0.3 0.6 0.3

1. Case 3 has the same performance (efficiency) as the base case except that the fuel cell stack operates with a higher power density (0.6 W/cm? compared

with 0.3 W/cm?).

2. Case 4 has the same power density as the base case except that the fuel is sulfur-free Fischer-Tropsch Diesel.
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Executive Summary Flow Diagram Base Case n

The SOFC system flow diagram shows that equipment for heat removal
(and recovery) and fluid movement plays a critical role in the system.

gas provides | .
steam for POX o
Motive Fluid

Anode

t Fuel
‘ Reheat
650°C

Exhaust

Vaporizer Sulfur
removal,
A ) 4 1000 hrs v
capacit /
gasoline Homogeneous Flow
POX ; Splitter
(No catalyst) - POX
; POX Air
exchanger
g Hot Box
A Active Cooling Cathode Air
Flow Péiﬂetz;t nfs
Spliter | NS/ 650°C

Cathode Air
Preheat #1
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Executive Summary Thermodynamic Model

Results

System efficiency targets of 35 percent can be met with sufficient stack

thermal management®.

Anode Fuel Utilization

Fuel Cell Efficiency?

POX Effluent Temperature

Estimated POX (with recycle) Efficiency?
Cathode Inlet Air Temperature

Required Cathode Excess Air

Required Compressor Pressure?
Parasitic Loads

Exhaust Temperature

Resultant Overall Efficiency*

Base Case
90% 90% 70% 90% 90%
l 49% 49% 38% 49% 49%
l 890°C 890°C 940°C 890°C 910°C
l 87% 87% 91% 87% 87%
l 650°C 500°C 700°C 650°C 650°C
l 760% 330% 1,100% 760% 750%
l 1.28 atm 1.19 atm 1.39 atm 1.28 atm 1.29 atm
l 750 W 260 W 1,700 W 750 W 770 W
l 370°C 590°C 370°C 370°C 380°C
l 37% 40% 26% 37% 37%
5.26 6.70 5.75 5.77

Required Fuel Cell gross power rating, kW l 5.75

. LHV of the POX outlet stream divided by the LHV of the fuel inlet stream not including the anode recycle inlet. Does not include internal fuel cell reforming.

1
2. Required pressure to overcome air side pressure drops. Slightly different tube diameters and geometries were used in each case to keep the pressure requirement as low as

possible without incurring large volume increases.

w

(operational voltage/open cell voltage) * (AG,,/LHV fuel). Assume an open cell voltage of 1.2 volts for all anode reactions.

S

. Overall system efficiency is defined as (fuel cell efficiency * reformer efficiency) - (energy required for parasitics)/(total energy input to system)
. Thermal management of the stack determines the amount of excess cathode air needed for cooling which in turn, impacts parasitic power. Thermal management of the stack

. Fuel cell efficiency is defined as the product of the fuel utilization, voltage (electrical) efficiency and thermodynamic efficiency. Fuel cell efficiency is equal to (Fuel utilization) *

refers to the maximum allowable temperature gradients allowable in the stack due to thermal stress. Thermal management also encompasses the amount of fuel that can be

internally reformed at the anode which can serve to regulate the temperature in the stack.

71316/12/00
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Executive Summary System Configuration

The system is divided into a hot component box with active air cooling to
decrease insulation requirements, and a cool components box.

Note: NOT TO SCALE.

Hot Component Box

‘
\

Cool Component Box

Inner Insulation
Preheat Channel
Outer Insulation

Ambient Cooling
Channel

NETL SOFC System Layout

0 o |

Hot Component Box:

Fuel cell stack

POX reformer

Anode fuel heat exchanger
Tailgas burner

ZnO bed (sulfur removal)
Recuperator heat
exchangers

Eductor

Cool Component Box

Control system

Air compressor and filter
Fuel pump and filter

Air blower for active cooling
System battery

71316/12/00
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Executive Summary Packaging Layout Base Case n

In the first generation configuration, the hot component box and the cool
component box have the same footprint.

Fuel Cell
Bl POX
Il Cathode Recuperator
B Anode Recuperator
B Tailgas Burner

ZnO Sorbent Bed
B Air Compressor
I Fuel Pump

Fuel Cell

athode Recuperator

Anode Recuperator

TailGas |

Burner ZnO Sorbent Bed

Air Compressor

Blower Control Box Fuel Pump

System package volume 94 liters < .
Comparison for Scale
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Executive Summary Packaging Layout Base Case n

While the packaging of the first generation configuration is carefully
designed, some further space savings in packaging are likely to be feasible.

Fuel Cell
Bl POX
Il Cathode Recuperator
B Anode Recuperator
Bl Tailgas Burner

ZnO Sorbent Bed
B Air Compressor
I Fuel Pump

Note:
Pink manifolding contains fuel. Blue manifolding contains air. '
The layout shown is for a first generation layout typically for a proof of system prototype Commercial systems will likely incorporate further component integration.
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Executive Summary Volume Estimate n

Sufficient stack power density and thermal management are required to
approach the volume target of 50 liters (results were 60 to 145 liters).

160+

140+

1204

O Piping and open space for cold box
O Piping and open space for hot box

B Control & Electrical System
B Recuperators
B Reformer

O Rotating equipment

O Cooling channel
B Insulation

M Fuel cell stack

"

§ 100+

E

o 80+

£

=

S 60-
40+

Notes:

© PN GIL WIN =

The fuel cell stack line items does not include insulation or external manifolding.

The system insulation includes high and low temperature insulation

The reformer includes volume for the POX reformer, POX air preheater, the primary cathode air preheater and the zinc bed (except for case 4)

The recuperators include the Tailgas burner, vaporizer, primary and secondary cathode air preheaters and the anode preheater (except in case 4)

Rotating equipment includes the air compressor, fuel pump, and air blower for active cooling

The anode preheater and the secondary cathode air exchanger are configured as compact finned cross flow cube heat exchangers

In the base case, assuming all the volume of manifolding is in the hot box, the 20 liters includes 14.6 liters of piping for 5.4 liters of open space in the base case hot box.
The absolute error of the estimate is 30-40 percent. Comparison among the cases is more accurate, approximately 5-10 percent.

Thermal management of the stack determines the amount of excess cathode air needed for cooling which in turn, impacts parasitic power.

+— System Goal 50 liters

Base case Case 1 Case 2 Case 3 Case 4
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Executive Summary Cost Estimate System Cost

Target system costs appear achievable with high power density; the fuel

cell stack cost represents 27 to 44% of the system cost.

3500
3000
2500
©“
g 2000
[&]
5
Q
()]
1000
Base case Case 1 Case 2 Case 3 Case 4
Notes:

. The fuel cell stack line items does not include insulation or external manifolding.

. The system insulation includes high and low temperature insulation and metal cost for manifolding of active cooling jacket

. Rotating equipment includes air compressor and fuel pump

. Startup power includes cost for battery and active cooling blower

. Indirect, Labor, and Depreciation includes all indirect costs, labor costs, and depreciation on equipment, tooling, and buildings

0. The absolute error of the estimate is 30-40 percent. Comparison among the cases is more accurate, approximately 5-10 percent.

M Indirect, Labor, & Depreciation
O Piping System

W Control & Electrical System

O Startup Power

Bl Rotating equipment

B Recuperators

O Reformer

O Insulation

H Balance of Stack

B FC stack

. The fuel cell stack cost does not include protective conductive coatings on the metallic interconnect, which if needed, could increase stack costs by 5-10%.

. The fuel cell stack balance includes end plates, current collector, electrical insulator, outer wrap, tie bolts, FC temperature sensor, and cathode air temperature sensor

1

2

3

4

5. The reformer includes cost for the POX reformer, POX air preheater, the primary cathode air preheater and the zinc bed (except for case 4)

6. The recuperator includes the Tailgas burner, vaporizer, primary and secondary cathode air preheaters and the anode preheater (except in case 4)
7

8
9
1

System Goal $2000
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Executive Summary Conclusions Technical Performance n

System efficiency targets can be met under most circumstances but heat-
up time targets are unrealistic without further technology improvements.

0 System efficiency of greater than 35% is easily achievable!:
0 Typical efficiency 37%
0 40% efficiency appears achievable (even at this scale)
0 Stack thermal management can significantly impact efficiency
0 Use of sulfur free fuel does not dramatically change system performance or cost
from base case sulfur containing fuel operation

0 Alternative reforming technologies such as steam reforming or fully internal reforming
were not considered

0 The sulfur free fuel case represents a conservative impact of possible sulfur-free
alternative fuels

0 A 10 minute start-up time appears unrealistic with current technology:

0 Thermal mass of stack would require significant additional heating and air movement
capacity, with significant size (30%) and cost (15%) penalties

0 Materials thermal shock resistance issues will further increase start-up time
0 Minimum practical start-up times from a system perspective is about 30 minutes
0 Heat-up time will also be dependent upon sealing technology used for stack

1. The system efficiency was set by a using a 0.7 Volt unit cell voltage, a POX reformer, and required parasitics. Higher efficiency is achievable at higher cost by selecting a
higher cell voltage
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Executive Summary Conclusions System Volume

Our analysis indicates that achieving the 50-liter volume target will be
challenging without further improvements in stack technology.

[
[

System volume estimates range from 60 to 145 liters®.

The balance of plant represented by the reformer, recuperators, and rotating
equipment represent the largest fraction of the physical equipment

The actual fuel cell stack and insulation volume occupies between 24-31% of
the total system volume

For the first generation system layout, the largest single volume element was
spacing between the components to account for manifolding

Aggressive stack thermal management and internal reforming will have the
greatest impact on volume reduction by impacting the size of required heat
recuperators

0 Decrease cathode air requirement
1 Allow more component integration
[ Decrease manifolding and insulation requirements

Some savings may be obtained by closer packing of rotating equipment and
controls and further overall component integration and optimized layout

1. The absolute error of the estimate is 30-40 percent. Comparison among the cases is more accurate, approximately 5-10 percent.

71316/12/00

18



Executive Summary Conclusions System Cost n

Achieving the $400/kW system cost target appears feasible with high power
density stack performance and good stack thermal management.

[ System cost estimates range from $351 to $666 per kW for 5 kW SOFC APU
systems

0 Fuel cell stack cost and balance of plant (reformer and recuperators) are the key cost
drivers for the 5kW net system

[ As achievable power density increases, the cost of purchased components such as
rotating equipment becomes a key cost driver

0 Increasing the power density from 0.3 W/cm? to 0.6 W/cm? saves $112/kW assuming
similar system efficiency

[ Aggressive stack thermal management could save $64/kW while poor stack
performance and thermal management can result in a penalty of $139/kW
[ Aggressive stack management reduces recuperator area and air movement requirements

0 Using low/no sulfur fuel can save $35/kW from simpler system configuration (not
considering alternative reformer technology)

0 A zinc sulfur removal bed is not required
0 An anode recuperator is not required

The absolute error of the estimate is 30-40 percent. Comparison among the cases is more accurate, approximately 5-10 percent.
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Executive Summary Implications n

Performance, cost, and size of planar SOFCs offer significant opportunity
in a wide range of applications.

0 Estimated performance and cost appear:
[ Very competitive for APUs and distributed generation technologies

0 Very attractive for stationary markets

0 Performance, size and weight may have to be further improved for key
transportation markets

0 The impact of lower volume production must be considered for some
markets

0 The impact of system capacity (modules of 5kW stacks units) should be
considered for larger-scale applications

0 First order risk exists in that publicly available information of a stack
demonstration of a planar anode supported architecture operating at 650-
800°C does not exist

71316/12/00 20



Executive Summary Next Steps n

In order to direct future development efforts most efficiently, SECA should
consider the following issues and their implications.

0 Impact of fuel choice (e.g. natural gas, propane)
[ Impact of manufacture volume

0 True limitations of thermal management and utilization versus attainable
voltage/current
0 Modeling of stack to understand internal reforming, etc.
0 Thermal and reaction modeling of SOFC stack under different operating conditions
0 Start-up time verification (impact of thermal shock)

0 Impact of internal reforming on system operation and prospects for “designer” fuels
0 High performance insulation materials and systems

1 Development of integrated components

0 Sealing technology for the fuel cell stack

[ Long term and cyclic system testing
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POX/SOFC Design Outline

o
Background and Approach
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Background & Approach Project Motivation n

Advances in SOFC technology now appear to enable broad small-scale
applications in both stationary and transportation markets.

0 Planar, thin electrolyte, electrode-supported configuration improves
performance significantly
0 Increases in power density (~500 mW/cm? or greater)
Lower operating temperatures (650-850°C)
Lower cost metallic separator plates
Elimination of very high temperature molten glass seals
Potential for higher stack efficiency
Reduced heat losses from lower operating temperature

O O 0o o O

0 Potential for economy of scale for manufacturing
1 Geometry lends itself to high volume, low cost manufacturing techniques
[ Broad applicability is consistent with high-volume manufacturing

Effective system design and integration has not yet received sufficient
attention and is critical for the development of competitive products.
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Background & Approach Technology Status n

Planar SOFC technology is at an earlier stage of development compared to
PEM and tubular SOFC technology.

0 Commercial prototype PEM systems are being demonstrated at scales
ranging from about 5kW to 250 kW

0 Refined tubular SOFC prototypes have been demonstrated at 100 and 2501
kW

0 Planar anode-supported SOFC is entering the initial system prototype level
of development and could be applicable for small scale application

Demonstration

Research & - Market
- : : Production
Development [njtial System  Refined Commercial Entry
Prototypes Prototypes Prototypes
Tubular
Planar SOFC SOEC PEM

Understanding the design and cost drivers for planar SOFC technology is
critical at this stage to direct further development efforts effectively.

NOTE: 1. 250KW demonstration is a combined cycle plant.
71316/12/00 24



Background & Approach Fuel Cell APU Activities n

NETL would like a better understanding of planar SOFC design and cost
iIssues related to APU4 applications for trucks.

0 PEM fuel cells have been demonstrated for automotive auxiliary power unit
(APU) applications:

0 Ballard and Daimler-Chrysler have teamed-up to develop PEM fuel cells for
APUs for trucks?

0 Planar electrode-supported SOFC technology enables small power
applications such as APUs.

0 BMW has recently announced a joint development program with Global
Thermoelectric for APU applications for automobiless

1. “Fuel Cell Auxiliary Power Unit — Innovation for the Electric Supply of Passenger Cars?”, J. Tachtler et al. BMW Group, SAE 2000-01-0374, Society of
Automotive Engineers, 2000.

2. “Freightliner unveils prototype fuel cell to power cab amenities”, O. B. Patten, Roadstaronline.com news, July 20, 2000.

3. Company press releases, 1999.

4. APU is an auxiliary power unit
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Background & Approach Objective

The objective of this project is to develop a conceptual design package
and cost estimate for a planar SOFC system which satisfies the agreed
specifications.

Deliverables

Specifications

The target application for this module is an auxiliary power unit (APU) for

O
O
g

Thermodynamic design
System layout
Cost estimate

:&tstem:

ﬁtac:k:

Rating, 5 kW net
Mass goal < 50 kg
Volume goal < 50 liter
Operating life > 5000 h

Number of cold starts >
3000 cycles

Cold (25°C) start-up <
10 min

Time between “pit
stops” ~ 1000 h (ZnO
replacement)
Efficiency > 35% peak
power (DC/LHV)
Surface Temp. <45 °C

0 Voltage — 42 VDC
0 Anode-supported

technology

Operating temperature
800°C

Minimum inlet to SOFC
anode 650°C

0 Water use — zero
0 Fuel used — gasoline or

Diesel

Fuel Sulfur level: sulfur
free fuel (SFF) and 30
ppm sulfur containing
fuel (SCF)

0 Oxidant — air
0 Cost of Balance of

Plant goal < $400/kW

Ultimate goal $400/kW
for system

on-road vehicles.
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The project was organized into five tasks; using two cases of fuel, sulfur-
containing gasoline and sulfur-free Fischer-Tropsch Diesel.

Background & Approach Tasks

A

Initial System EstiCrr?Ztte & System Hlel
Nl Design Sensitivity Optimization SDf;tier:
Analysis 9
* Confirm * Thermodynamic * Cost BOP e Support CMU | < Finalize
design specs system model components in Multi- system
* Agree on » Size components | ¢ Estimate Objective designs
stack  Layout of system cost Optimization
parameters components » Perform
» Review initial sensitivity
design analyses
(cost,
performance)
Deliverable Deliverable Deliverable Deliverable Deliverable
e Kick-off * |nitial system e Update on e Scenarios are e Final system
workshop design workshop cost and defined in costs and
held May 10, held May 30, 2000 design held in Section 2 volume
2000 in in Baltimore Pittsburgh on e Cost of estimates
Pittsburgh » Refined August 9, scenarios (Section 3)
thermodynamic 2000 covering
model results e Cost and system
(Section 2A) volume of performance
» Component components (Section 3)
design (Section (Section 3)
2B & 2C)

71316/12/00

27



Background & Approach Approach RaPID™ Methodology

We used our multi-level RaPID™ modeling methodology to design a
POX/SOFC system for APU applications.

Fuel Cell Performance & Cost Model

C.H

3 8%
/C3Hz A
9 ik

M M ?
Reformer model .

; Thermodynamic
Zos [t System Model

.

=

Uiy ity ™ Conceptual Design and
[ G200 Ha =~ NG3000 Ho - NG2000 ref == NG3000 ref | CO nfl g u rati on

Manufacturing Cost
Fuel Cell Model Model

We used thermodynamic models coupled with detailed manufacturing cost
models to identify the key design and cost drivers for planar technology.
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Background & Approach Stack-Level Cost Model Assumptions

For the stack cost and design assumptions, we built on previous costing
work for a planar solid oxide fuel cell configuration.

Anode Supported Unit Cell Cross-Flow Stack Configuration

Ni Ce;(r)rg)e;ﬁlnode—} \/Ke%, > ¢ ‘ {

A 7 S <
!/ Ny Zallh
A % ‘ssw
Y-stabilized ZrO, Electrolyte ,‘4/4 ‘/\1I S
10 um N
b S
Stainless Steel \«1'
3-D Interconnect \;\~‘
= P d
2 P d
8YSZ & LSM Cathode View .7 Anode/Electrolyte/Cathode

50 pm

Note:
The original cost analysis was for a 25kW stack with a cell voltage of 0.7 V and power density of 500 m\W/cm?. The original cost design used an active area of

100 cm? and a pitch of 5 unit cells per inch.
The NETL 5kWhnet design has a 300 cm? active area and a pitch of 5 unit cells per inch for a power density of 0.3W/cm?. The NETL stack operates with a

single cell voltage of 0.7 V. Two cases of power density are investigated: 300 and 600 mW/cm?2.
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Background & Approach Cost Model for Fuel Cell

The cost analysis of the low temperature metallic IC planar design is based
on a process flow in which successive layers are individually fired.

Multi-Fired Process Flow

Note: Alternative production processes appear in gray to the

Interconnect
Forming Shear Paint Braze
of — — onto —» Braze —
Interconnect
Interconnect Interconnect
Anode Electrolyte Cathode
Electrolyte Cathode
AR Small Powder Small Powder
Powder Prep
Prep Prep
# ¢ Fabrication #
Vacuum . . L
Blanking / Sinter in Air QC Leak Screen | . ey /0 -
Tape Cast —» Plasma | Slicing —» 1400C Check Print —>»  Sinter in Air —» Finish Edges —»
Spray
Screen Vet
Slip Cast . Plasma
Print
Spray
Slurry v
Slurry Spray Spray

Stack Assembly

bottom of actual production processes assumed

Process Flow

Assumptions

Electrical layer
powders are made
by ball milling and
calcining.

Interconnects are
made by metal
forming
techniques.

Automated
inspection of the
electrical layers
occurs after
sintering.
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Background & Approach Cost Model

The cost model estimates system cost up to and including factory costs.

Excluded from Cost Model Profit
Corporate Expenses (example)
« Research and Development Sales
+ Sales and Marketing Expense
« General & Administration
- Waranty General
+ Taxes
Expense
Cost Model (Factory Cost) Factory
Expense
Fixed Costs @)=\
- Equipment and Plant Depreciation Price
- Tooling Amortization Direct
- Equipment Maintenance labor
»  Utilities
+ Indirect Labor
» Cost of capital
Variable Costs
« Manufactured Materials Direct
« Purchased Materials .
» Fabrication Labor Materials
« Assembly Labor
+ Indirect Materials

Profit, sales and general expense were not included in the analysis.
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Background & Approach Cost Model

Methodology

The cost model contains both purchased components and manufactured

components.

We built on existing ADL cost models for SOFC
stack manufacture and balance of plant

The cost elements for the fuel cell stack contain
raw material, processing, and capital recovery
costs

The cost elements for all other manufactured
components include raw material and
processing

Remaining labor, indirect, and depreciation is
included as a separate line item and is not
distributed among the other manufactured
components

Raw material costs for system insulation and
active cooling are included

0 Processing costs for system packaging are
not included in analysis

0 Processing and labor for system assembly
are not included

Purchased Components

Manufactured
Components

0 Compressor

0 Battery

0 Fuel pump

0 Blower (for active cooling)

0 Air and fuel filters

0 Control and solenoid valves

0 Controllers for compressor,
pump, and blower

0o Control logic, processors
and hardware

0 Piping and connectors

o Fittings

0 Thermocouples/sensors

0 Wiring for sensors and
valving

0 Insulation (high and low
temperature)

O 0O oo oo o o

Fuel cell stack

0 Anode

0 Cathode

0 Electrolyte

0 Interconnects

0 Stack assembly
Fuel cell stack hardware
Fuel cell packaging
Reformer
Tailgas burner
Recuperators
Zinc bed (if applicable)
Fuel Vaporizer
Recycle Eductor

Raw materials (examples)
0 Steel sheet

Metal foil

chemicals

Inorganic oxides

Nickel oxides

o o o o
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Background & Approach Previous SOFC Stack Cost Results

The performance and raw material cost of anode-supported SOFC stacks
make them significantly less costly than all-ceramic designs.

Comparison of Stack Structure Cost

T Power Density Cost
Technology g/cm? i ('\lg?éecrelggna;)d
mW/cm2 kW/kg /KW
Planar Metal
Interconnect 1.7 $429 500 24 $86
(Oct 1999 Study)
1997 Updated
Planar 1.1 $753 200 .38 $377
All Ceramic

Note:
The original cost analysis for the planar metal IC design was for a 25kW stack with a cell voltage of 0.7 V and power density

of 500 mW/cm?2. The original cost design used an active area of 100 cm? and a pitch of 5 unit cells per inch.

The cost per kW column includes the fabrication and assembly of the fuel cell stack tiles and interconnects. The $86/kW
cost does not include sealing of stack corners, gas manifolding to feed internal manifolds, packaging of the stack chamber,

current collector and stack insulation.
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POX/SOFC Design Outline

o
Background and Approach
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System Design Critical Issues Descriptor

We identified eight key issues concerning the design and operation of
reformer/planar SOFC systems for truck APU applications.

How can reformer / planar SOFC systems be applied to truck APUs
and how much will they cost?

System Performance I I Volume & Weight

Internal Stack Thermal Management
Power density / Operating Voltage
Stack Fuel Utilization

Stack Thermal Mass 7
Recuperator
Parasitics
Reformer efficiency

Insulation

‘ Critical O Important O Not Leveraging

The cost and design study aimed at identifying how and to what extent
these issues affect performance, cost, size, and weight.
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System Designh Key Assumptions H

Several key assumptions have guided this analysis including the SOFC
stack operating parameters and system production volume.

0 Production volume: 2.5 GW/yr (500,000 units)

0 SOFC stack design parameters
0 Stack operating temperature: 800°C
Minimum gas stack inlet temperature 650°C*
Cell voltage 0.7 V
Power density of 0.3 W/cm? & 0.6 W/cm? (see pages 37, 38 for details)
Pitch of 5 cells/inch
Geometry: square cells
Total voltage 42 DC
Single stack
90% fuel utilization at anode

O O oo ogoogo o d

0 Compressor and pump efficiencies 75%
0 Duty cycle, Load profile: assume constant load, on-off control

0 Fuel
0 Sulfur containing fuel: Gasoline, 30 ppm sulfur (using representative model mixture)
0 Sulfur-free fuel: Fischer-Tropsch Diesel (modeled as n-hexadecane)

Note: *Literature reports have shown operation with a greater approach temperature than 150°C. “System Demonstration Program at Ceramic Fuel Cells Ltd. In
Australia”, K. Foger and B. Godfrey, in Fuel Cell 2000 Proceedings, July 10-14, 2000, Lucerne, Switzerland.
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System Design Fuel Cell Stack Assumptions H

The base case takes a cell voltage of 0.7 V and a power density of 0.3
W/cm?2 with 90% fuel utilization in an anode supported solid oxide fuel cell.

1 The design value of cell voltage reflects a compromise between electrical efficiency and
power density (or stack size):

0 At low fuel utilization (<5% conversion), researchers have demonstrated a single cell performance
of 1.4 W/cm2 at 0.7 V and 1.75 W/cm? at 0.5 V()

0 With increasing fuel utilization, the voltage corresponding to maximum power density shifts to
higher voltages. This imposes a lower limit on the cell voltage

0 With increasing fuel utilization the Nernst potential (or the chemical driving force) decreases. This
iImposes an upper limit on the cell voltage

0 To our knowledge there is no public literature data for high utilization of either pure
hydrogen or reformed fuel in an anode supported SOFC stack:

0 A single anode supported SOFC cell gave 0.36 W/cm? with ~85% utilization of synthetic reformate
at 800°C and 0.7 V@

0 Typically, the average power density per cell in a stack is lower than that measured in a single cell

0 Given these uncertainties, we feel that our assumption of 0.3 W/cm? at 90% utilization in
a stack appears reasonable

Experimental verification of power density (0.3 - 0.6 W/cm?) at high fuel
utilization is critically important.

NOTES:
1, J-WKim, A. V. Virkar, K-Z Fung, K. Mehta, S. C. Singhal, J. Electrochem. Soc., 146 (1999) 69.
2. R. K. Ahluwalia, H. K. Geyer, E. D. Doss, R. Kumar, and M. Krumplet, Presentation at the NETL workshop on fuel cell modeling, Morgantown, WV (2000).
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System Design Key Design Issues Fuel Cell Stack Performance

At 85 % hydrogen utilization, the cell performs poorly above 0.8 V and
below 0.3 V. At 0.7V, a power density of 0.45 W cm-2 has been shownl,

1 O L 1 1 I | 1 1 1 | I | 1 1 I | I]
0.6
0.8 5
o
- =
®
Z 0.6 O
~ 040
2 :
8 <
S 04 =
L / 14 cm x 14 cm x 2.26mm Atmospheric Cell o
/ Triangular Passages, 120° Included Angle 0.2 3
/ 1 mm Passage Height o
0.2 85% Fuel Utilization
Humidified H, Fuel -1
= 650 °C Inlet Temperature
800+-10° Max Cell Temperature
OO 1 1 ] 1 | 1 ] 1 1 1 ] ] ] 1 | T OO

00 02 04 06 08 10 1.2 14
Current Density / A cm”

1. R. K. Ahluwalia, H. K. Geyer, E. D. Doss, R. Kumar, and M. Krumplet, Presentation at the NETL workshop on fuel cell modeling,
Morgantown, WV (2000). Data is on a single cell, pure hydrogen feed.
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System Design Key Design Issues Stack Thermal Management

Stable operation of the stack requires balancing of heat generation from
electrochemical reactions with heat removal through three mechanisms.

1 Conductive losses to the environment

O
O

0
0

Heat losses help cool the stack

Excessive heat losses can lead to local stack cooling below active temperature resulting in
loss of self thermal stabilization

Structural integrity might be compromised by excessive temperature gradients inside stack
Excessive heat losses make maintaining acceptable skin temperature challenging

0 Convective losses to fuel gas and air

0
0

Main mechanism for heat removal

Temperature rise in anode and cathode limited by activity and structural concerns (for this
study, assumed to be 150°C)

0 Limit in approach temperature requires high excess air (about 7 times)
0 Small approach temperature requires efficient high-temperature recuperators with associated

cost, volume, and weight impacts

0 Chemical cooling with internal endothermic reforming

O

O
O
O

Could remove substantial portion of heat

Increases system efficiency

Carbon formation and thermal temperature management are unresolved issues
Supplying sufficient steam is a challenge without significant system impacts
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System Designh Key Design Issues Balance of System

The mechanisms employed for stack thermal management directly impact
the specification of the recuperators, parasitics, and insulation volume.

[

The assumed allowable approach temperatures (~150°C) for the cathode and
anode have several system implications

0 Use of high temperature exotic materials for the recuperators

0 Higher levels of excess air for cathode cooling

[ Larger heat exchange area for heat recuperation

0 Larger POX and Tailgas burner volume to encompass surface area

Parasitic duty increases with increase in excess air requirement

0 The increase in cathode air requirement impacts the specification of low cost blowers
vVersus more expensive compressors from system pressure drop

0 Parasitic duty impacts required size of fuel cell (more stack area and lower efficiency)

The ability to internally reform fuel at the anode makes reformer efficiency a
somewhat less critical issue

All component specifications directly impact the required volume (and
associated cost) for insulation

0 A high temperature and low temperature insulation will be required

0 Mechanism for active or forced cooling will be needed in order to reduce insulation
volume
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System Design Outline H

The system design section is organized into three parts.

0 An overview of the system modeling will be presented for the base case
0 Detailed results for the base case and other cases are presented in Appendix A

0 The design of the key components for the base case is presented at a high
level with details found in Appendix C

0 The component volume and system configuration completes the section

0 Cost analysis and sensitivity is presented in Section three
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POX/SOFC Design Outline

A System Modeling
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System Modeling Case Description H

Five separate cases were modeled to investigate the effects of different
operating conditions and fuel type.

0 Base Case
0 Realistic stack thermal management
[ Realis